The increasing use of electrical and electronic apparatus in medicine in recent years has necessitated the involvement of medical specialists in the question of electrical safety, once almost solely the province of electrical engineers.
There appears to be two basic groups in the medical profession: on the one hand there are those who have always had an interest in electrical apparatus and have followed this interest through to a point where they" know all about it"; on the other hand there are those who have suddenly found themselves confronted with a subject with which they are completely unfamiliar and one with which they feel they can never come fully to grips. The latter should take heart because the principles involved are really quite simple, basic physics; it is the lack of exposure to the applied engineering aspects that has led to a gap in knowledge. The purpose of this article, therefore, is to attempt to fill this gap. SAFETY It must be realized that the question of saiety is always a relative one, nothing can be "100 per cent safe". If a man takes one side of the electrical mains firmly in one hand and the other side in the other hand, no doubt he will be electrocuted. No protection is provided against this sort of situation since it will not occur with ordinary respect for the dangers involved and is unlikely to occur accidentally. Indeed, if we provided protection for this circumstance we would not be able to run any equipment from the power source either! We must therefore be aware of common or specific hazards and decide what degree of safety we wish to incorporate into our system with regard to these hazards. It is on this question that much of the debate amongst the experts has taken place.
THE ELECTRIC POWER DISTRIBUTION SYSTEM
Electricity (alternating current at 50 Hertz or cycles per second) is generated at the power station at a high voltage and distributed to various substations, where it is stepped down by a transformer to a lower "0ltage (240 v in Australia) for consumers in tile area.
For reasons of economy, a three or four wire distribution system is used (instead of just two) and is known as a " three phase system ", but as far as the consumer is concerned in general medical applications he uses only one pair of these wires (i.e. a " single phase ") and we can examine all the principles involved in electrical safety by considering one phase only.
EARTHING SYSTEMS
Earthing systems were developed between 1930 and 1950, one of the reasons for their introduction being increased safety for the consumer.
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APPLIANCE
In order to understand the function of earthing systems in the rde of electrical safety, we should examine their evolution. Let us start at the beginning, therefore, by considering a basic power supply and its distribution to a consumer.
It is obvious that if a person forms a bridge between the two transmission wires he will receive a shock.
At first sight, however, it would appear that a person standing on the ground would not be Anaesthesia and Intensive Care, Vol. n, No. 2, May, 1974 able to get a shock by coming in contact with only one of the wires, since there is no obvious current path. This would be reasonably true if the consumer is very close to the generator. However, the following facts are fundamental to all the discussion which follows, and must be constantly borne in mind:
(1) There is no perfect insulator.
(2) There is no perfect conductor. Thus the resistance of a conductor causes a voltage drop across it when current flows through it (Ohm's law).
(3) Even in the absence of resistive connection, AC electric currents (unlike DC) can pa,s across spaces (by virtue of capacitance and electromagnetic induction). Thus if the transmission wires are of any significant length current leakages will occur to earth and back. The result is that at any point along the transmission wires a potential difference may exist between the conductors and earth, the value of which will be unknown as it depend~ on the stray leakages present. A human being interposed between one conductor and earth now represents a parallel path through which current can flow to the other conductor as shown ( Figure 2) . Similarly, if the metal casing of his appliance should short circuit to either of the conductors he may receive a shock to earth from it. Such a system may be said to be " floating" with respect to earth.
The first step in trying to improve this situation in order to institute some protective system is to connect one of the conductors directly to earth. Provided this is done at least at the generator, the potential of that conductor will then be known (approximately) relative to earth (i.e. zero volts) and the potential of the other one will be nominally at the generated voltage with respect to earth (for example, 240 volts).
We can now designate one conductor as " active" (or "live" or "line") (240 v with respect to earth) and the other as "neutral" (Figure 3) (at earth potential at the generator). * Now, if the consumer's appliance casing short circuits to neutral, he will receive no shock; if it short circuits to active he will receive a shock at anything up to 240 volts to earth.
Thus at this stage we have reduced the problem by 50 per cent, but we obviously must go a step further if we can. 
NEUTRALIZING
Suppose we now connect the neutral wire to the metal casing of the appliance; this will then effectively earth the casing of the appliance. If a short circuit now occurs between the active and the casing, a direct current path exists across the generator which would blow the protective fuse and therefore render the casing no longer live and draw attention to the fault by failure of the appliance to operate.
Such a system is known as neutralizing, and has been used in installations in some parts of the world, but is not used in Australia. It is considered to be too hazardous for the following reason: if the neutral should break, the casings of all appliances in the installation beyond the earth point would become live with respect to earth (either via the appliance resistance or from a short circuit from active to appliance casing) although they would not operate and therefore appear" dead". Also, strict polarity of the two-pin plugs and sockets used would have to be observed.
* In practice the neutral does not vary more than a few volts from earth potential anywhere in the system. The neutral is also the common centre point of the three-phase system.
DIRECT EARTHING
The next step therefore is to introduce a third wire to the consumer's appliance which connects directly to earth so that it is earthed independently of the neutral wire. Now if neutral shorts to casing (earth)nothing happens, condition is safe.
DIRE.CT EARTHING
If active shorts to casing (earth)-current returns via earth wire and ground to generator neutral and fuse blows.
This system, known as the direct earthing system, is used in some areas of Australia (e.g. Wollongong district in N.s.W.) but is being gradually phased out. It is satisfactory where the ground resistance is low or where connection can be made to an extensive underground metal water piping system, but since it depends on low ground resistance and metal (not plastic) pipes everywhere, an element of unreliability is introduced.
M.E.N. SYSTEM A more satisfactory system has been evolved, known as the mttltiple earthed neutral or 1'Vt.E.N. system. The essential feature of this system is that the neutral conductor is used as a return path for fault currents to the generator, but is
well earthed at frequent points along its length (including each consumer's premises), so that even if there is a break in the neutral the distance to the next earth point (earth resistance) is small and there IS \therefore little potential rise of the free end.
This system is now being employed as standard in N. S. W.; it will be the most frequently encountered in hospital installations and before long should be universal throughout Australia.
Another system which should be mentioned is the earth leakage circuit breaker or E.L.C.B. system, which operates on a different principle.
In this system the third wire from the consumer's applian~e casing is connected through the high resistance coil of a circuit-breaker solenoid to earth. If the active conductor shorts to the casing, current flows through thi= coil to earth, and the circuit-breaker then switches out the ac1 ive conductor (i.e. "breaks the circuit", as its name implies). This system has been used in quite a few installations in Australia in the past but is now being discontinued because (1) it is expensive;
(2) the circuit-breakers must have regular maintenance for reliable operation; (3) there is a tendency for a fault in one consumer's premises to operate the circuitbreakers in neighbouring premises.
The foregoing considerations indicate the steps taken by the electricity supply authorities to ensure a practically safe system for the general consumer.
The major hazard has always been the possibility of the metal framework of an appliance being made live with respect to earth by connection with the active conductor of the mains as shown, and this problem has been adequately tackled: all that is required for safety from this point of view in the usual general consumer situation is that the metal frames of any apparatus involving human contact be connected to the "earth" lead of the three-pronged outlet.
DOUBLE INSULATION
Only when an apparatus has a complete non-conductive casing (e.g. plastic) can the third (earth) wire sometimes be safely omitted. This is then known as double insldation.
SPECIAL LOCATIONS
There are some individual locations, however, which may be con~idered very much more hazardous than usual, for example the damp, conductive flooring of the operating theatre. The skin of the human body is a good insulator when dry (millions of ohms resistance) but a poor insulator when moist (when the resistance approximates that of a needle electrode). For greater safety it is now felt that ~ome special protective system should be provided for such areas in addition to the general systems described. This can be achieved by (1) isolation, (2) core balance units.
(1) Isolation
The wiring of a hazardous location may be isolated completely from the main distribution system by the interpolation of an isolation transformer.
Referring back to Figure 1 a special low-leakage transformer is placed in the supply line (usually 1: 1) so that the " generator" is effectively re-defined very close to the consumer, ami the length of the transmission wires between them thereby reduced to a length where leakages become insignificant. A grounded person may now touch either one of the secondary wires without receiving a major shock. We are now back to a " floating" system, but provided our secondary wiring is not too long or leaky electrically, isolation will be retained.
There is, however, the possibility that if one wire of the secondary should short to earth (e.g. to the appliance casing) the other normally safe wire will become 240 volts live with respect to earth. A system to obviate this disadvantage entails creating a high resistance centre-tap on the transformer secondary to earth and making the current operate a warning indicator should one wire short to earth.
(2) Core Balance Units These devices work on the following principle:
The currents in the active and neutral conductors to the consumer's appliance are normally equal* but opposite in direction.
_~III FIGURE 9.
If an earth fault occurs, however, some of the current returns ~'ia the earth path instead of the neutral, so that the neutral and active conductors' currents become unbalanced. Thus the active and neutral conductors to the appliance are passed through a ring of magnetic material and, durin{? normal operation, no field is induced. If a fault occurs, however, the unbalance causes a magnetic field to be induced . This, then, induces currents in a coil on the ring which are used to operate a 2ircuit-breaker which switches out the active conductor. These units may be made with high sensitivity and can also be designed as portable appliances to give added protection when working in particularly hazardous locations, e.g. wet floors. ELECTROCUTION At mains frequency (50 Hz), death by electrocution is nearly always due to ventricular fibrillation.
The current density at the heart (current flow per cross-sectional area of membrane) is the most important factor in the production of ventricular fibrillation (Loughman and Watson 1971) .
Accordingly, for practical purposes we can divide electrical hazards into two distinct categories:
(1) Macroshock. No direct contact with the heart.
Under ordinary conditions, a current flowing through the human body is distributed such that the current densitv at the heart is not high. A total current of about 100,000 microamperes or more is required to produce fibrillation. (One microampere=one millionth of an ampere.)
(2) Microshock. Direct contact with the heart. I >100,000 t MICROAMPERES If a conductor makes direct contact with the heart a very much !!reater current density results at the small area of the point of contact. A unique situation then arises since the minutest currents become important. Under these conditions a current as small as 60 microamperes may be sufficient to induce fibrillation (Watson, Wright and Loughman 1973) .
MACROSHOCK

CURRENT DISTRIBUTED CURRENT DENSITY AT HEART LOW
When a conductor is close to the heart, but not in contact with it, the current density at the heart is considerably less than if contact was actually present. For this reason the term " microshock" is now specifically confined to the situation of direct contact only. 
MrCROSHOCK: THE NEW PROBLEM
It is only during the last decade that procedures have come into use in which direct contact with the heart is possible.
The protection systems described so far were adequate for electrical safety until this situation arose. They do not give microshock protection since minute currents sufficient to cause microshock may still be associated with them. The two most significant practical sources of microcurrents presenting a microshock hazard to toe patient are (1) earth leakage currents, and (2) multiple earthing currents.
(1) Earth Leakage Currents
Any mains operated piece of electrical apparatus can be expected to have a small leakage current flowing to earth through its earth wire during normal operation. This current is due mainly to the capacitance between the internal wiring and the metal casing of the appliance (a space across which alternating current may pass even though there is no direct metal-to-metal connection) and the insulation resistance. It may be typically of the order of 1)00 microamperes (Figure 13 (i) ). Such leakage currents were not previously considered as very • ,r-' -t -==-Anaesthesia and Intensive Care, Vol. n, No. 2, l"v[ay, 1974 significant in anyone small area surrounding a patient since they do not represent a macroshock hazard; it was only their sum total effect on the whole system as mentioned at the beginning that had to be considered.
A micro shock hazard arises if a break occurs in the apparatus earth lead when the patient is already linked to earth via some necessary conductor in contact with the heart, in which case all the leakage current passes through him to earth. A typical example would be when using a mains-operated ECG ma.chine with cardiac catheterization, the earth lead of the ECG machine becoming detached at the plug (Figure 13 (ii) ).
The best solution to this problem is to ensure inherent low earth leaka/!e in the design of equipment used in conjunction with any procedures where contact with the heart may occur. This increases the cost of such apparatus considerably since it means reducing the leakage current from an average value of about 500 microamperes to, say, 50 microamperes.
(2) Multiple Earthing Currents
It is very easy for two or more power point earths to be at slightly different potentials due to ground resistance changes and currents flowing in the neutral of the l\1.E.N. system (gives a voltage drop by Ohm's law). If different pieces of equipment connected to different earths are connected to the same patient, a current may then flow through the patient.
This situation is also termed an "earth loop ".
To overcome this problem there must be only one main earth for each patient area. A single, common, heavy-duty earth point may thus be provided for a given area and designated an equipotential patient reference or E.P.R. Once this is established, we must then be sure that the patient does not come in contact with any other earthed metal which is outside the reference system and may therefore be at a slightly different potential (e.g. the building framework). This may be very difficult to achieve, especially in an area where conductive flooring is installed.
THE GENERAL SITUATION
The cost of providing microshock protection generally throughout hospitals would be enormous and not warranted becam.e the hazard arises only with specific procedures. The solution adopted, therefore, is to define specific areas for such procedures and ensure that only wiring and apparatus of a certain specified standard can be used in these areas.
The latest draft code of the Standards Association of Australia requires three basic areas which are broadly as follows:
(1) Class A areas. For procedures where an electrical conductor may come in direct contact with the heart. (2) Class B areas. For procedures where the skin resistance may be lowered or bypassed but there is no possibility of direct contact with the heart. (3) Other areas. Normal M.E.N. protection only. It is stressed that such a system still depends on (1) responsible administration by someone in authority, and (2) adequate maintenance of the equipment to ensure continued safe operation.
In addition, the onus is now on manufacturers to produce equipment to these standards, thus involving them in development costs. Plastic casings for apparatus, where it is physically possible to employ them, reduce (but do not eliminate) both the macroshock and the microshock hazard and with the new high-impact plastics now available, these may come into more frequent use.
Finallv, it should be noted that electrical hazards· do not, in general, arise at all with battery powered apparatus, mainly because of the low volt ages used and the inherent isolation.
